We localized y-glutamyltraqeptidase (GGT) in the rat pancreas by immunocytochemistry using the protein A-gold technique. The enzyme was found in the apical and zymogen granule (ZG) membranes of the pancreatic acinar cell. With ZG at the onset of exocytosis, labeling was seen over membrane, whereas content was unreactive. In the acinar lumen, the enzyme was generally associated with small vesicles previously described as "pancreasomes." This observation corroborates a recent proposal that a membraneshedding process is associated with exocytosis in the exocrine panaeas. It also implies that some elements of the ZG membrane are not recycled after exocytosis. The cellular distribution of GGT was compared with GP2, another glycoprotein component of the ZG membrane, and differences in localization indicate different fates for these two proteins. Indeed, GP2 shows a strong signal with the basolateral mem-brane, whereas in the case of GGT the signal is barely detectable. The reverse situation is observed on the apical plasma membrane, GGT producing a much stronger signal than GP2. The failUte to detect GGT in lysosomal structures, combined with the fact that some endocytic-like vacuoles in the vicinity of the apical plasma membrane give a positive reaction, supports the view that some GGT molecules are recycled in the ZG membrane after exocytosis. Our observations clearly demonstrate that a fraction of the protein components of the ZG membrane are not recycled after exocytosis, raising new questions regarding the concept of membrane recycling associated with regulated secretion. (Jliistdem Cprochem 41:225-233, 1993) 
Introduction
y-Glutamyluanspeptidase (GGT) [( 5-glutamyl)-peptide:amino-acid 5-glutamyltransferase] (E.C. 2.3.2.2) is a heterodimeric glycoprotein located on the outer surface of the epithelial cell membrane. It catalyzes the degradation of extracellular glutathione (GSH) to glutamic acid and cysteinylglycine and plays a key role in interorgan GSH transport (19,26). In the rat, GGT is encoded by a singlecopy gene from which different "As with alternate 5'-uanslated regions are transcribed in a tissue-specific manner (23). The highest GGT activity is found in the kidney, where it has been localized by electron microscopy on the apical and basolateral membranes of the proximal convoluted tubules (26).
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In the rat pancreas, which exhibits significant GGT activity (16), the two GGT mature subunits with molecular weights of 55 and 30 KD have been immunoprecipitated from a plasma membrane preparation, whereas in cell fractionation experiments of a pancreas homogenate enriched specific GGT activity was found in a zymogen granule (ZG) membrane fraction (9). Early histochemical and immunohistochemical studies have shown that in rat and guinea pig most of the enzyme activity is associated with the apical region of the pancreatic acini, whereas a minimal reaction is found in the interlobular ducts (16J7). More recently, Yasuda et al. (37, 38) reported a localization in the intercalated ducts, but the light microscope has limited resolution and it is difficult to distinguish between acinar lumen and intercalated ducts (37). Castle et al. (10) reported that both enzyme activity and antigen reaction are highly concentrated on the apical secretory surface of the acinar cells and noted discrete accumulations of the antigen along the basolateral surface and over the ZG.
In the present work we took advantage of the high resolution provided by the protein A-gold technique to define the ultrastruc-225 tural localization of GGT in rat pancreas. The cellular distribution of GGT was compared with that of GP2, a protein associated with ZG. Our results show that the distribution of GGT is different from that of GP2 and raise new questions about ZG membrane recycling after exocytosis.
Materials and Methods
Preparation of Panaeatic Tissue. Male albino Sprague-Dawley rats weighing approximately 300 g were used for these experiments. After a 15-hr fast the animals were decapitated and the pancreas excised. Small pancreatic lobules of approximately 1-mm diameter were dissected and fued by immersion in 1% glutaraldehyde and 2 % paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 hr at room temperature. After fixation the tissue fragments were processed at low temperature and embedded in Lowicryl K4M according to Roth et al. (33) .
Antibody Preparation and Characterization. Rabbit anti-amylase and anti-GP2 have been previously characterized (7). The GGT antibodies were raised in the rabbit against the two mature GGTsubunits, which were purified to homogeneity from the rat kidney, and y-globulin fractions were purified by ammonium sulfate precipitation and DEAE-cellulose chromatography (13). The specificity of the GGT antibodies was controlled by the double immunodiffusion Outcherlony method and immunoelectrophoresis. These antibodies immunoprecipate the two GGT glycosylated subunits and their precursor in the kidney (13) and HTC hepatoma cells (1) . They are directed against the polypeptide chain since they also immunoprecipitate the Mzr 63,000 GGT precursor synthetized in vitro from kidney or hepatoma cells mRNA (1, 13) . The GGT primary chain is identical in all rat tissues, since it is encoded by "As that share the same coding sequence (11). The specificity of the antibody was assessed by a Western-blot technique as previously described (7).
Immunocytochemistry. Ten-nanometer gold particles were prepared according to Slot and Geuze (35) . Coupling of the gold particles to protein A (Pharmacia; Uppsala, Sweden) was carried out as recommended by Horrisberger and Clerc (21). Thin sections were cut and mounted on a 200mesh Ni grid with a carbon-coated formvar film. Sections were incubated on a drop of 2% chicken albumin fraction V (Sigma; St Louis, MO) in PBS for 15 min and then incubated with antiserum (or antibody fraction) 1:200 for 50 min at room temperature. After rinsing with PBS, sections were treated with protein A-gold complex (at a dilution OD 520 nm-0.1 in PBS) for 25 min at room temperature, washed again thoroughly with PBS, rinsed in water, and stained with uranyl acetate and lead citrate. Three types of control were used: incubation without the primary antibody, incubation with the pre-adsorbed antibody and incubation with pre-immune serum. Under these control conditions very few gold grains were randomly distributed on tissue sections.
Results
Immunocytochemical localization by the protein A-gold technique showed that in rat pancreas GGT is localized in pancreatic acinar cells, with no significant labeling on centroacinar and ductal cells (Figures la and 4a ). In the apical area of the acinar cell, GGT was concentrated on the luminal plasma membrane ( Figure la A comparison of the ZG immunoreactivity to GGT, GP2, and amylase antibodies in relation to the exocytosis process is presented in Figures 2a-2d . With the GP2 antibody, a weak signal was observed on both ZG and apical membranes, whereas the ZG content was much less labeled than the corresponding lumen ( Figures  2a and 2c ). With the GGT antibody, in ZG at the outset of exocytosis one could observe a very marked increase in the density of gold grains on the membranes, whereas the ZG content remained unreactive (Figure 2b) . In contrast to the two glycoproteins described above, the amylase antibody produced a high level of labeling of both ZG content and lumen (Figure 2d ). In the basolateral part of the acinar cell the distribution of these antigens was also found to be quite different. With the GGT antibody, very weak labeling was observed on both basolateral and RER membranes (Figure 3a) . In contrast, the GP2 antibody produced a strong signal on the basolateral membrane and a weaker signal on RER membranes (Figure 3b ). As expected, amylase was localized in the intracisternal space of RER (Figure 3c ), with no labeling on the cell surface. In the duct system, all these antigens were found in the luminal space, with no significant labeling on the ductal cell surface. The density of labeling was very high for amylase and lower for GP2 and GGT (Figures 4a-4~ ). The intracellular localization of the three proteins is summarized in Table 1 . Specificity of the GGT antibodies was tested with the ZG membrane and content. A strong reaction was obtained with a band at about 55 KD in the ZG membrane, whereas the content was practically unreactive ( Figure 5 ). This reflects very well the specific activity of GGT, which was 5.3 and 0.8 Ulmg of protein in ZG membrane and content, respectively.
Discussion
The high resolution provided by the protein A-gold technique enabled us to define the ultrastructural localization of GGT in the rat acinar cell. GGT was found on the apical plasma membrane, on the ZG membrane, in small vacuoles, presumably endocytic vesicles, and in the apical cytoplasm. In the case of the ZG membrane a strong signal could be seen only at the onset of exocytosis, suggesting that in the intact ZG the accessibility of the antigen may be restricted by the tightly packed aggregates of secretory proteins. As expected from the secretion studies of Battistini et al. (2), GGT was found in the acinar lumen, where it was usually associated with microvesicles previously described and identified as "pancreasomes" (63). GGT is associated to the membrane by an amino-terminal sequence of hydrophobic amino acids (23).
This localization of GGT in the rat pancreas acinar cell is concordant with some previous localizations using biochemical and histochemical methods (10, 16, 17, 34) . Indeed, biochemical assays have shown that the enzyme specific activity is much higher in acinar than in ductal tissue (16). However, there are some reports stating that the enzyme is associated with intercalated and intralobular ducts in both rat and human pancreases (37, 38) .
The ultrastructural localization of GGT in the acinar cell of rat pancreas leads us to propose a scheme for the possible fate of this protein in the ZG membrane. Starting at the onset of exocytosis, the ZG membrane coalesces with the luminal plasma membrane. The presence of GGT-bearing pancreasomes in the acinar lumen indicates that there is a shedding process associated with exocytosis. Some GGT is shed immediately in the acinar lumen at the outset of exocytosis, in the form of pancreasomes. This is indicated by a good correlation between GGT and digestive enzyme outputs during stimulation (2) . An alternative mechanism is that the newly added ZG membrane, bearing GGT, mixes with the apical membrane and is subsequently shed when microvilli fragment into pancreasomes in the lumen (6) . These mechanisms are not mutually exclusive and probably operate concomitantly. The presence of GGT in cytoplasmic vacuoles, in close vicinity to the luminal membrane, supports the view that a fraction of the GGT molecules, previously added to the luminal membrane by the exocytotic process, undergoes a recycling process by endocytosis. The absence of GGT in lysosomal structures indicates that there is little if any degradation of the endocytosed ZG membrane. Our observations are therefore in agreement with the widely accepted concept that the membrane is recycled, as evidenced by studies using extracellular markers and morphometrical observations (3, 12) . Indeed, early studies reported increases in the number of coated vesicles per square micrometer of apical cytoplasm after pilocarpine stimulation of rat pancreas. This increase reached a peak 3 hr after the onset of secretion (14). However, it is unlikely that this peak marks the period of maximal membrane withdrawal. Exocytosis and endocytosis are usually considered to occur more or less concomitantly (36) . with a peak of vesicles about 2 hr after most of the granules have discharged their content. This peak in the numeric density of vesicles appears to coincide with the time when the cytoplasmic volume is at its lowest level (28). Results of early morphological studies with electron-dense tracers had claimed that after exocytosis membrane is recovered intact (i.e., exocytosis is coupled to endocytosis). Because the tracers were found to be subsequently primarily or exclusively transported to lysosomes, it was concluded that the recovered surface membrane was degraded (12). However, several groups showed later that the retrieved membranes are funneled through the Golgi complex. Evidence was obtained by using several tracers that were not used before, i.e., dextrans and cationized ferritin and labeled secretory proteins (12, 15, 20, 32) . As mentioned by Farquhar and Palade (12) . the most likely explanation for the bulk of this traffic in secretory cells is that it represents the recovery of granule membranes to be reutilized in the packaging of secretory granules, i.e., membrane recycling.
GP2 is anchored to the membrane by a glycosyl-phosphatidyl-inositol linkage (30). Such a linkage is believed to be a signal for apical targeting in polarized cells (22, 25, 27) . The sorting process presumably takes place in the trans-Golgi network. The latter organelle also segregates soluble lysosomal enzymes from the secretory pathway. Mannose-6-phosphate (M-6-P)-containing lysosomal enzymes interact with the M-6-P receptor and are transported to the pre-lysosomal compartment. There, they dissociate from the receptor and are transported to lysosomes. In this context, it was of interest to refer to the localization of GP2. the major ZG membrane protein (7, 31, 35) . As summarized in Table 1 , the localization of the latter protein differs from that of GGT in two major aspects: GP2 is found in the lysosomal compartment and the basolateral membrane, whereas only traces of GGT are found in the latter organelle. Considering that there is little if any degradation of ZG membrane, as seen with GGT and extracellular markers, the possibility that GP2 reaches the lysosomal compartment [snake-like tubules ( 5 ) or basal lysosomes (29)] through an endocytic process involving a degradation of the endocytosed membrane seems remote. Other mechanisms must be considered to explain the presence of GP2 in the lysosomal compartment and basolateral membrane.
A possibility to consider is that M-6-P signal could be responsible for the targeting of GP2 to the pre-lysosomal compartment and basolateral membrane. A prerequisite for such a sorting mechanism would be that GP2 linkage would be hydrolyzed by GPI phospholipase C.
One striking feature shared by GGT and GP2 is that both are secreted by the acinarcells (2, 4, 6, 8, 24) . We have reported here that GGT is associated with pancreasomes (6), whereas GP2 forms a filamentous network (7), in agreement with some recent observations by Rindler and Hoops (31) confirming that GP2 in the rat pancreatic juice is recovered in the aqueous phase during Triton X-114 extraction and yet remained sedimentable after detergent extraction. In contrast to GGT, the rate of GP2 release is not related to protein output (2) . Indeed, during stimulation GP2 proportions relative to total protein are decreased, indicating the contribution of distinct intracellular pools of GP2 to secretion.
The fact that these two proteins of the ZG membrane have different localizations in the acinar cell, along with the fact that their secretory behavior is different, leads us to believe that the different components of the ZG membrane have different fates in the pancreas acinar cells. It cannot be excluded, however, that GGT and GP2 are interrelated from the functional viewpoint. Indeed, GP2 is a protein containing several disulfide bridges sensitive to the redox potential in the pancreatic juice. By controling the level of glutathione in pancreatic juice, GGT may control to a certain extent the redox state of the juice, a parameter that may well affect the polymeric form of GP2 (3). One other possible target of GGT is glutathione in the ZG matrix. The storage form of secretory proteins in the granule may be relatively inactive owing to the formation of disulfide bonds (18). GGT, which is located on the internal face of the granule membrane, could degrade GSH inside the granule, thus allowing an &ux ofthe constituent amino acids (e.g., cysteine) in the cytoplasm. This would prevent the reduction of the protein disulfide bridges by SH groups and possibly swelling of the immature granule, as a result of an increase in osmotia pressure.
Finally, from the viewpoint of the cell biologist, GGT would be a good marker for the apical and ZG membranes, whereas GP2 is more concentrated in the basolateral membrane.
